An empirical rate equation was developed to predict head rice yield reduction for rough rice exposed to moisture adsorptive conditions. Time of exposure, initial moisture content, and relative humidity were significant to the reductions in head rice yield caused by moisture adsorption. An equation used to predict the number of kernels which fissured upon exposure to various environments was modified and evaluated for use in describing head rice yield reductions.
INTRODUCTION
A primary goal of the rice industry is to maximize the amount of whole-grain rice (head rice) produced from each unit of rough rice milled. The value of broken rice is often only one-half that of whole-grain rice. In the [1974] [1975] season, the economic loss to the U.S. rice industry was estimated to be $115,000,000 (Spadaro and Matthews, 1976) . Significant breakage during milling occurs when rice kernels have previously been weakened by stress cracks (fissures) caused by rapid moisture adsorption. These fissured kernels usually break during subsequent hulling and milling operations which results in reduced head rice yields (HRYs).
The observation that low moisture rice kernels fissure from rapid moisture adsorption was reported more than a half century ago by Kondo and Okamura (1930) and Stahel (1935) . Their results have been confirmed by Kik (1951) , Hall (1965, 1967) , Kunze (J977) , Kunze and Prasad (1978) , Chen and Kunze (1983) and Siebenmorgen and lindal (1986) . Chen and Kunze (1983) found that a single exposure of low moisture rough rice to a relative humidity (RH) increase of 30% will cause lower HRYs. Kunze (1988) states that rice samples with moisture Article was submitted for publication in August 1989; reviewed and approved for publication by the Food and Processing and Engineering Inst. of ASAE in January 1990.
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Assoc. MEMBER ASAE contents (MCs) above 14%, before remoistening, generally showed no milling quality loss from the addition of moisture. However, samples which had dried below 14% MC before remoistening showed considerable reductions in HRYs. Kondo and Okamura (1930) and Siebenmorgen and lindal (1986) cited similar results. The above studies have indicated the effects of various environments on fissure development and head rice yield reductions (HRYRs). These studies, however, showed these effects after equilibrating samples in a given environment. Limited research has addressed the issue of relating fissure development and subsequent reductions in HRY to the rate of moisture transfer to and from rough rice kernels. The authors have hypothesized that the rate of HRYR is related to the rate of moisture uptake. This article addresses this hypothesis using the experimental results and the associated moisture adsorption model reported in Banaszek and Siebenmorgen (1990) .
OBJECTIVES
The objectives of the research reported in this article were to:
1. Determine the effects of initial moisture content (IMC), exposure time, conditioning air RH, and temperature on HRYs of rough rice exposed to adsorptive conditions, 2. Develop an equation to predict HRYRs over time caused by moisture adsorption for the conditions used in this study.
MATERIALS AND METHODS
Newbonnet rice, a long-grain variety, was harvested at the Rice Research and Extension Center, Stuttgart, Arkansas, at approximately 20% *MC during September, 1987 and stored at 1° C for 6 months. The rice was dried in a chamber supplied with air at approximately 20° C with RH set at the desired level according to the Modified Henderson Equation (ASAE, 1987) to attain the desired MCs of 9.0, 10.5, 12.0, 13.5, and 15.0%. All reported MCs are the average of at least three readings of a Motomco 9l9At moisture meter which had been calibrated immediately prior to this study using a whole-grain oven procedure reported by Siebenmorgen and lindal (1987) . The relatively slow drying rates, resulting from the use of 20° C air, were used to prevent possible damage due to *Unless otherwise specified, all references to moisture content are on a wet basis.
,Mention of a commercial name does not imply endorsement by the University of Arkansas.
VOL. 33(4): JULy-AUGUST 1990 D 199U American Society of Agricultural Engineers 0001-2351 /90/3304-1263drying. After drying, all rice was placed in plastic bags and stored at 1° C until testing. All rice was stored in plastic bags throughout the experiment unless being tested. Rice was caused to adsorb moisture by placing 450-g samples from the dried lots of rice in trays in a conditioning chamber. The chamber was built to accommodate sixteen, 152 x 254 mm (6 x 10 in.) trays with perforated bottoms placed in parallel above an air plenum. The trays were 150 mm deep with the rice layer being approximately 15 mm thick. Air was supplied to the plenum by a RH and temperature control unit (Parameter Generation and Control 300 CFM Climate-Lab-AA). According to manufacturer's specifications, this unit is capable of maintaining RH within ± 0.5% and dry-bulb temperature within ± 0.2° C. A Phys-Chemical RH and temperature measurement system was used to monitor supply air conditions in the plenum below the samples. After air passed through the samples, it was returned to the control unit to form a closed-loop system. Airflow distribution within the plenum and through each tray was measured with a hot-wire anemometer and was found to be uniform through each tray. The airflow rate through each tray was 1.65 Lis (3.5 cfm).
EXPERIMENTAL PROCEDURE
The experimental design for this study consisted of rewetting rough rice from the approximate MC levels of 9.0, 10.5, 12.0, 13.5 and 15.0% using an airstream at temperatures of 12.5, 20 and 30° C and RHs of 70 and 90%. For each test condition, sufficient rice from one of the five MC lots was removed from storage to load 12 conditioning unit trays. After removal from storage and prior to conditioning, the rice was placed in zip-lock plastic bags and allowed to equilibrate to room temperature of approximately 20° C. Immediately prior to exposure to conditioned air, sample MCs were measured to determine the exact IMC.
The control unit was allowed to reach steady-state operation at a given temperature/RH combination prior to loading samples. The 12 samples were loaded into the conditioning unit with each of the four remaining trays filled with 450 g of "filler" rice. An additional sample was selected to represent the control (time = 0 h). Samples were removed from the conditioning chamber at time intervals of 1, 2, 4, 8, 16, 24, 48, 72, 96, 120, 144 and 168 h from the onset of exposure to the conditioned air. The samples were immediately double-bagged in zip-lock plastic storage bags, placed in cold storage, and MCs determined after at least one week in storage. This storage duration was necessary to allow all kernels to fully equilibrate from the kernel surface to the interior. After samples were removed from the conditioning unit, filler rice was placed in the trays to maintain a uniform airflow rate through all trays. The resulting moisture adsorption curves are presented in Banaszek and Siebenmorgen (1990) .
Since it is common practice to conduct HRY determinations using rice at a moisture level of approximately 12.5%, all samples which attained a moisture level greater than 12.5% were subsequently dried in the conditioning unit to approximately 12.5% MC using an air condition of 20° C and 60% RH. Samples with moisture levels below 12.5% were milled at their respective MC level.
Determination of HRY consisted of selecting duplicate 150-g subsamples from the original 450-g conditioned sample. The samples were dehulled using a McGill huller with a clearance of 0.048 cm (0.019 in.) between rollers. The resulting brown rice was milled for 30 s using a McGill No.2 miller. Separation of the brokens from whole kernels in the milled sample was performed using a Seedburo sizing machine. Whole kernels (head rice) are defined as "unbroken kernels of rice and broken kernels of rice which are at least three-fourths of an unbroken kernel" (USDA, 1983) . The HRYs of the two subsamples from each sample were averaged for subsequent analysis.
RESULTS AND DISCUSSION

HRYR TESTS
The HRYR data for rice exposed to the various airstreams used are shown in figures 1 through 4. The curves represent estimates of HRYR as calculated by an equation presented below. For some of the temperature/RH/IMC combinations, the airstream was not moist enough to cause adsorption by the rice. Only the samples in which moisture adsorption occurred were milled. Thus, for many of the temperature/RH conditions, only curves associated with the lower IMCs are presented. Further, the temperature/RH combination of 12.5° C/90% RH was not obtainable with the control unit in the ambient conditions in which it was located.
In figures 1 through 4, the vertical axis, 'Head rice yield reduction', is the difference between the HRY of the control (time = 0 hours) and the HRY of the sample at the corresponding time on the horizontal axis. The following discussion and analysis of HRYR is based on the first 24 hours of data. This time limit was chosen since practically all of the damage that occurred took place within 24 hours of exposure. Figure 1 displays the HRY response of rice to air at 30° C and 90% RH. The 9.04% IMC level resulted in the greatest reduction in HRY. After just 2 hours of exposure, the HRY decreased by 13 percentage points. The HRY had decreased by 20 percentage points within 24 hours. This corresponds to a price reduction of approximately $1.50 per cwt, based on the 1984 average dockage rate of $0.075 per cwt per percentage point of HRYR (Fryar et aI., 1986) . The HRYR at the 10.32% IMC level was not as drastic as
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Figure I-Experimental data and head rice yield reduction curves (eq. 1) for rough rice exposed to an airstream at 30 0 C and 90% RH.
Figure 2-Experimental data and head rice yield reduction cures (eq. 1) for rough rice exposed to an airstream at 30° C and 70% RH.
that of the 9.04% IMC level, yet the reduction was still significant. After 24 hours of exposure, the HRY decreased by 7 percentage points for the 10.32% IMC level and 5 percentage points for the 10.90% IMC level. The remaining IMC levels resulted in HRYR of 2 percentage points or less within 24 hours. Thus, as IMC was increased, the resulting damage caused by moisture adsorption was less severe. It also appears that for these air conditions, damage due to moisture adsorption was not severe unless rewetting was initiated at MCs below approximately 12%. Similar trends but with much less drastic results of HRYR are shown in figure 2, which illustrates the adsorptive condition of 30° C and 70% RH. After 24 hours of exposure, HRY decreased by approximately 6 percentage points and 2 percentage points for the 9.12% IMC and 11.04% IMC levels, respectively. Thus, in comparing Figs. 1 and 2, moisture adsorption reduced HRY much more at the higher RH level.
Figures 3 and 4 display the response of rice to air at 20° C/90% RH and 20° C170% RH, respectively. The trends discussed previously also apply for these conditions as well as the 12.5° C/70% RH condition which is not shown. An interesting finding when comparing results within the 70% RH or 90% RH levels was that the HRYR due to temperature was not large. This observation is supported by the regression analysis discussed in the next section. _ 4 r --
Figure 4-Experimental data and head rice yield reduction curves (eq. 1) for rough rice exposed to an airstream at 20° C and 70% RH.
HRYR EQUATION
The first equation analyzed for use in describing the data was of empirical nature and was selected based on the trends of the data matching the curves presented by Hoed (1954) . The selected equation had the following form: The NUN least squares procedure from SAS (1987) was used to fit this equation to each HRYR curve. The GLM procedure (SAS, 1987 ) was used to show that both parameters, a and b, were significantly different between curves at a significance level of 5%.
The next step was to relate IMC, RH, and temperature to the a and b parameters in equation I. The REG procedure from SAS (1987) was utilized in a stepwise approach to develop equations to predict a and b values for all conditions. The resulting equations from the analysis were:
2C 22 24 26
Figure 5-Experimental data and head rice yield reduction curves (eq. 5) for rough rice exposed to an airstream at 30° C and 70% RH. The absence of temperature as an independent variable in equations 2 and 3 supports the earlier observation that temperature was of minimal importance in reducing HRY. Equations 2 and 3 were substituted into equation 1 and the NUN procedure from SAS was used to obtain new estimates for all regression coefficients. The regression coefficients and model statistics are listed in Table 1 . The resulting error mean square (MSE) for equation 1 was 1.398. Although the MSE seems somewhat high, the authors feel that the model predicts HRYRs sufficiently well considering the inherent variability in HRY determinations from sample to sample. The curves in figures 1 through 4 were generated using equations I through 3 with the values of the regression coefficients listed in Table 1 . 
AN ALTERNATIVE HRYR EQUATION
A "crack generation" equation was used by Nishiyama et al. (1979) and by Sharma and Kunze (1982) to describe the number of kernels which fissured upon exposure to various environments. This equation was also modified and evaluated for use in describing HRYRs. Since the rate of fissure development is hypothesized to be related, at least in part, to the rate of moisture adsorption, this equation was thought to have physical significance. After being modified to incorporate HRY instead of number of fissured kernels, the equation had the form:
Ht -He = exp (-bt n) The lowest, asymptotic HRY obtained for each IMC level/test condition combination was assumed to be the equilibrium HRY (He).
The regression procedure used for equation 1 was again used for equation 5. The regression coefficients for k, as well as the coefficients for n, were found to be significantly different between all curves. The equations developed for the k and n parameters had the form: k = a 6 * RH * IMC * T (6) n = ~ * RH * IMC * T + b 7 * RH (7) temperature, °C, regression coefficients.
The resulting coefficients and model statistics are listed in Table 1 . The resulting MSE for equation 5 was 0.705. In terms of MSE, equation 5 is better than equation I in predicting HRYRs caused by moisture adsorption. Equation 5, however, is restricted to applications in which an He is known corresponding to a given Ho. Thus, unless an He is known or until future research develops an adequate model to predict He for given environmental and IMC conditions, the authors believe equation 1 is the preferred equation, at this time, for use in predicting HRYR due to moisture adsorption. The curves in figures 5 and 6, which display the HRYRs at the air conditions of 30° C/70% RH and 20° Cj90% RH, respectively, were generated using equation 5 to show how well this model fits the data if He is known. Estimates of He can be determined using equation 1 for subsequent use in equation 5. However, this approach introduces additional error compared to that of using only equation 1to predict HRYR. The resulting MSE of equation 5 was 1.575 when estimates of He were determined using equation 1, compared to an MSE of 1.398 when solely using equation 1 to predict HRYR.
ADJUSTMENT FOR Low MCs AT MILLING
Results of several studies Webb and Calderwood, 1977; Pominski et aI., 1961) have shown that milling rice in a laboratory miller at differing MCs produces accordingly different HRYs. In general, as the MC at milling decreases, the HRY increases. This behavior during milling represents an imperfection in the determination and comparison of HRYs. There is no standard, approved method for adjusting HRYs to account for differences in the MC at milling. This is due in large part to the fact that if rice is delivered at a MC less than 12.5%, it is generally milled at the delivered MC and is not rewetted to the 12.5% level. Based on findings of the above studies, HRYs obtained in this study could have been affected by milling at different MCs as well as by moisture adsorption. Since all samples that reached a MC above 12.5% were subsequently rlried to 12.5% MC prior to milling, the effects of MC at milling primarily concerns those samples that had a MC ofless than 12.5% at the time of milling.
An effort was made to remove the effects of milling at different MCs from the HRYs obtained in this study. This effort used the results of an earlier study (Banaszek et aI., 1989) in which the effects of milling rice at various MCs were quantified. This earlier study used the same lot of harvested rice used for the present study. The equation developed from this earlier study that describes the HRYs attained over the range of MCs used is and the HRY obtained with equation 8 using a MC at milling of 12.5% resulted in the necessary adjustments to be subtracted from the actual HRYs determined in this study. The HRYR was calculated as was done previously. This procedure thus adjusts all HRYRs to a common milling MC of 12.5% with the resulting adjusted HRYRs being due only to moisture adsorption. The regression procedure described previously was again applied to equations 1 and 5 using the adjusted HRYR data. The resulting regression coefficients and model statistics are listed in Table 1 . Figure 7 displays the HRYRs adjusted for MC at milling for the condition of 20° C and 90% RH. To prevent overlapping of curves, only the four lowest IMCs are shown. A comparison of figs. 3 and 7 shows that HRYR was significant at the two lowest IMCs even after adjustment for milling at different MCs. The results at the condition of 30° C and 90% RH followed similar trends as those of fig. 7 . All adjusted HRYRs for the 70% RH conditions were generally two percentage points or less.
Adjustment of HRYs to a common milling MC depends on the application. From an experimental standpoint, it is desirable to partition the effects of moisture adsorption and MC at milling. However, adjustment of HRYs to a common MC necessitates knowledge of the effects of milling at different MCs, such as that given by equation 8. showed that this relationship can be affected by rice variety and storage condition and is thus not universal. Further, an inherent assumption of the adjustment procedure used above was that the relationship between MC at time of milling and HRY can be applied to rice which was milled after being exposed to treatments such as moisture adsorption.
From the standpoint of representing actual HRYRs, it could be desirable not to adjust HRYs due to MCs at milling being less than 12.5% since HRYs of samples milled at less than 12.5% are typically not adjusted for MC. The lack of an approved adjustment procedure for experimental comparisons also could preclude adjusting HRYs. Thus, because of the pro and con arguments for adjusting HRYs, the constants of equations 1 and 5 are listed for both adjusted and non-adjusted cases in Table 1 . Ilnle (hours) Figure 7-Experimental data and head rice yield reduction curves adjusted to a common milling moisture content of 12.5% (eq. 1 with Figure 6 -Experimental data and head rice yield reduction curves (eq. adjusted coefficients) for rough rice exposed to an airstream at 20° C 5) for rough rice exposed to an airstream at 20° C and 90% RH.
and 90% RH.
HRYRRATE
To obtain the rate of HRYR (non-adjusted for MC at milling), the partial derivative of equation 1 with respect to time was used: Rate of HRYR curves were generated using equation [9] and are shown in figures 8 and 9. Figure 8 displays the HRYR rates for various levels of IMC at a base condition of 30° C and 90% RH. As was expected, the lowest IMCs produced the highest rates of HRYR. Increasing the IMC level correspondingly decreased the rates of HRYR. For the IMC levels of 12% and 13.5%, the HRYR rates were small in comparison to the lower IMC levels. The 9% IMC level in figure 8 showed a HRYR rate of 1 percentage point!h at a time of 6 h, whereas with the higher IMC levels, the reduction rates had reached near minimum within 6 h. Figure 9 shows the effect that RH has on HRYR rates at a base condition of 9% IMC and 30° C. At the 90% RH level, the rate of HRYR is initially high and decreases exponentially. The 70% RH level resulted in a similar trend but with much less drastic results. The 90% RH level shows HRYR rates which were at least 5 times greater than the 70% RH level for the first 10 hours. The rates appear to converge after 24 hours of exposure.
EFFECTS OF ADSORPTION RATE ON HEAD RICE YIELD
To relate the effects of adsorption rate on HRYR, a moisture adsorption equation from Banaszek and Siebenmorgen (1990) and equation 1 were utilized to generate the curves presented in figure 10 . The curves presented in figure 10 represent HRYR (non-adjusted for MC at milling) as a function of average adsorption rates for 1 hour intervals at the condition of 30° C and 90% RH. Average adsorption rates were calculated as follow:
.
%MC (t + 1) -%MC (t)
Average AdsorptIOn Rate =---------'----1 hour. Figure 9 -Rate of head rice yield reduction as affected by relative humidity at the condition of9% IMC and 30° C.
The first point at the right of each curve represents the first hour interval. The lowest IMC of 9% resulted in the highest average adsorption rate (1.6% MC/h) and associated HRYR (7 percentage points) during the first hour. During the second hour, the average rate of adsorption decreased significantly but resulted in an additional HRYR of 4 percentage points. As the IMC level was increased, the corresponding average adsorption rate and HRYR for each time interval decreased. For a given average adsorption rate, there was no single level of HRYR. Thus, it appears that not only is HRYR a function of adsorption rate, but it is also a function of the moisture level corresponding to that rate.
SUMMARY AND CONCLUSIONS
Head rice yield data obtained in this study showed RH and IMC to be significant contributors to HRYRs caused by moisture adsorption. Temperature was found to be of minimal importance in reducing HRY under adsorptive conditions. The high RH level of 90% and low IMC of 9% resulted in a HRYR of over 20 percentage points, the highest reduction measured in this study. The HRYRs at the 70% RH level and IMCs of 12.5% and above were not nearly as severe as those of the 90% RH level and IMCs below 12.5%. Practically all reductions in HRY had occurred within 24 h of exposure at all test conditions. An empirical equation was developed to predict HRYRs caused by moisture adsorption for the conditions of this study. Considering the inherent variability in HRY from sample to sample, the model adequately predicted HRYRs for the conditions tested. Additionally, an equation developed to predict the number of fissured kernels was previously modified and evaluated for use in describing the HRYRs of this study. Using estimates of He from the data, this model predicted HRYRs well. However, the use of this equation is limited in that an He is required.
At the base condition of 9% IMC and 30° C, the rate of HRYR was at least 5 times greater at the 90% RH level as compared to the 70% RH level for the first 10 h of exposure. For the IMC levels of 12% and above, the HRYR rates were small in comparison to the lower IMC levels.
High adsorption rates resulted in high HRYRs. The magnitude of the HRYR was shown to be a function of a given moisture adsorption rate and IMC level.
